Mo starting above the lower sapropel to a distinctly more negative range suggests particularly weak and oscillatory euxinia, with an enhanced contribution of manganese (Mn) redox cycling to Mo deposition relative to the lower portion of the profile. This conclusion is supported by extreme sedimentary Mn enrichments of up to 15 weight percent. We interpret the combined data to indicate episodic but major Baltic inflow events of saline and oxygenated North Sea water into the anoxic Landsort Deep that limited the concentrations and residence time of water column sulfide and caused episodic oxide deposition. Considering the temporal overlap between the most reducing conditions and periods of redox instability, we hypothesize that major Baltic inflows, as is observed today, lead to short-term instability while simultaneously supporting longer-term Baltic anoxia by strengthening the halocline. Ultimately, our results indicate that periods more reducing than the modern Baltic Sea have occurred naturally over the Holocene, but the characteristic dynamic saline inputs have historically prevented the relatively more widespread and stable anoxia observed in other classic restricted basins and will likely continue to do so.
others, 2014), with water column redox ranging from sulfide accumulation (euxinia), in the extreme, to milder reducing conditions characterized by dissolved manganese accumulation (Dellwig and others, 2012; Carstensen and others, 2014 ). Today's oxygen deficiency is linked, in part, to human-induced nutrient loading together with climate change (Kabel and others, 2012) , but the Baltic Sea has experienced known intervals of natural oxygen deficiency since the most recent establishment as a brackish basin ϳ8.5 to 8.0 thousand years ago (ka) (Boesen and Postma, 1988; Sternbeck and Sohlenius, 1997; Sternbeck and others, 2000; Sohlenius and others, 2001; Fehr and others, 2008; Zillén and others, 2008; Jilbert and Slomp, 2013; Jilbert and others, 2015) . This transition was facilitated by flooding of the shallow Öresund Straits in response to rising global sea-level, which provided an additional entrance and exit for both North Sea saline marine waters and Scandinavian freshwater drainage (Zillén and others, 2008; Mohrholz and others, 2015) . Together, the spatiotemporal range of observed redox states and the intermittent ventilation of oxygen-depleted bottom waters distinguish the Baltic Sea from classic modern settings of intense, persistent oxygen deficiency, such as the Black Sea and Cariaco Basin. As the world's largest anthropogenically forced oxygen-depleted basin, the Baltic Sea is more representative of the patterns of oxygen loss seen, with increasing frequency, in many coastal regions today (Diaz and Rosenberg, 2008) . Currently, however, comprehensive geochemical proxy records of the full Holocene history in the Baltic are limited, thus precluding quantitative comparisons of the natural anoxic baseline relative to the current, human-impacted anoxic conditions.
The most temporally extensive Baltic sedimentary records to-date were recovered from Landsort Deep during the Integrated Ocean Drilling Program (IODP) Expedition 347 ( fig. 1 ), capturing the transition from the glacio-lacustrine laminated clay sediments of the Baltic Ice Lake to the present laminated organic-rich Baltic Sea (Andrén and others, 2015) . The Deep's distance from the sill ( fig. 1 ) and a water depth of 459 m (the deepest Baltic sub-basin) prime it to respond relatively intensely to larger scale changes in overall long-term Baltic redox conditions (Carstensen and others, 2014) . A detailed reconstruction of Holocene redox transitions and a comparison of the degree (euxinic Ͼ ferruginous Ͼ manganeous Ͼ oxygenated) and frequency (semi-permanent Ͼ oscillatory Ͼ seasonal) of reducing conditions relative to those observed today would be a key step toward unraveling the processes that regulate Baltic oxygen depletion. Herein, we employ a series of geochemical proxies that are progressively sensitive to specific redox regimes-manganese, iron, and molybdenum-to reconstruct a high-resolution history of redox transitions in the Landsort Deep.
background

Baltic Basin
The Baltic Basin has experienced dynamic physical and chemical oceanographic conditions since the Late Weichselian deglaciation. Following the last glacial maximum about 22 ka, the Baltic ice lobe, which extended over the Öresund Strait into Denmark and covered the Baltic Sea since 55 ka, began retreating north (Andrén and others, 2011) . The freshwater Baltic Ice Lake formed at ϳ16 ka as glacial melt water from the retreating ice sheet filled the Baltic basin. At the same time, ice blockage and isostatic rebound from ice retreat across the Öresund Strait severed any connection to the North Sea (Houmark-Nielsen and Henrik Kjaer, 2003; Björck, 2008; Andrén and others, 2011) . Around 11.7 ka (Walker and others, 2009) , the dam was breached and the Baltic Ice Lake drained into the North Sea, with estimates for the drop in lake level reaching 25 m over a period of as little as 1 to 2 years (Björck and others, 1996; Jakobsson and others, 2007) . The resulting Yoldia Sea formed a brief and weak connection to the North Sea perhaps for only 350 years Wastegård and others, 1995; Andén and others, 2007) . Then, isostatic rebound again dammed the Baltic Basin from the open ocean by 10.7 ka, forming the Ancylus Lake (Andrén and others, 2011) . Beginning at 9.8 ka (Andrén and others, 2000a; Andrén and others, 2000b; Berglund and others, 2005; Andrén and others, 2011) , eustatic sea level rise from the melting Antarctic and Laurentide ice sheets (Lambeck and Chappell, 2001 ) gradually flooded the Danish straights. Later, at 8.5 to 8.0 ka, the Öresund Strait flooded, establishing the brackish Littorina Sea stage, which lasted until 3.0 ka (Björck and others, 2008) . The following 1.5 ka, or Post-Littorina stage, was characterized by a declining salinity and onset of the modern silled Baltic system (Sohlenius and others, 1996; Sohlenius and Westman, 1998; Andrén and others, 2000a) . Today, saline waters from the North Sea enter and exit the basin through the narrow and shallow Danish straights, with a present mean water depth of ϳ20 and 11 meters in the Great Belt and Öresund Strait, respectively (Mohrholz and others, 2015) .
Three main periods of Holocene low oxygen conditions are inferred from the presence of laminated sediments at ca. 8.0 to 4.0 ka, 2.0 to 0.8 ka, and over the last 200 years (Zillén and others, 2008) . These periods correspond roughly with the Holocene Thermal Maximum (HTM; ϳ9.0 -5.0 ka ago), the Medieval Climate Anomaly (MCA; ϳ1.2-0.8 ka), and the modern historical period (Zillén and others, 2008 )-with past anoxia linked to salinity changes and varying freshwater inputs into the basin during the HTM (Middleburg, 1991; Gustafsson and Westman, 2002; Conley and others, 2009 ) and warmer temperatures associated with the MCA (Kabel and others, 2012) . Unlike the first two intervals of oxygen depletion, the most recent period is clearly attributable to human activities in the region in combination with a warmer climate (Kabel and others, 2012; Carstensen and others, 2014) . Increased nutrient discharge from expanding agriculture and industrialization in response to increased population and the industrial revolution amplified eutrophication and resulted in the expansion of oxygen-depleted bottom waters. There are sediment laminations and redox sensitive trace metal enrichments in sediments beginning roughly with the onset of the 19 th century (Zillén and others, 2008) , and direct water column measurements record oxygen depletion near the beginning of the 20 th century (Carstensen and others, 2014) . Studies suggest that the onset of reducing conditions occurred more rapidly for the current anoxic era relative to those of the past (Jilbert and Slomp, 2013) , which was followed by a tenfold increase in the area of reducing bottom waters over the last century (Carstensen and others, 2014) .
Today, these is a lateral salinity gradient from south to north, with surface salinity near 8 to 10 PSU in the southern Baltic and 3 to 5 PSU to the north in the Gulf of Finland (Matthäus, 2006) , and a vertical gradient of ϳ4 to 5 PSU in the Baltic proper. Circulation of seawater in and out of the Baltic occurs as a gyre trending counterclockwise through the basin (Döös and others, 2004) . In the Landsort Deep, the focus of this study, the resulting halocline is at ϳ80 m water depth (Dellwig and others, 2012) . Sporadic but substantial incursions of marine water from the North Sea, termed major Baltic inflows (MBIs), are barotropic events driven by special conditions of large-scale atmospheric circulation over the North Atlantic (Mohrholz and others, 2015) . These MBIs drive bottom-water oxygenation events, providing oxygen-rich and saline North Sea waters to formerly anoxic waters of the Baltic deeps (Carstensen and others, 2014) . At the same time, introduction of these saline bottom waters maintains long-term Baltic anoxia by strengthening the halocline (Carstensen and others, 2014) . The average residence time of Baltic water today is ϳ30 years (Stigebrandt and Gustafsson, 2003; Döös and others, 2004) , but this estimate varies with distance from the sill (Carstensen and others, 2014) . Today, Landsort Deep is a euxinic basin with dissolved sulfide concentrations of Ͻ13.5 M (Nägler and others, 2011; Dellwig and others, 2012) , and MBIs occur on decadal timescales (Carstensen and others, 2014) . The latest MBI occurred in late 2014 and was the third strongest since 1880 (Mohrholz and others, 2015) .
Geochemical Techniques
Iron proxies.-The amount of 'highly reactive' mineral-bound Fe (Fe HR ) in sediments, defined as being reactive with hydrogen sulfide on short diagenetic time scales, relative to the amount of total Fe (Fe T ) can be used to identify anoxic conditions in modern and ancient water columns (Raiswell and Canfield, 1998) . Furthermore, the extent to which the Fe HR has been sulfidized to form pyrite (Fe py ) allows us to distinguish between ferruginous and euxinic conditions (Canfield and others, 1992; Raiswell and Canfield, 1998; Poulton and Canfield, 2005) . Fe HR is typically defined as the sum of Fe bound in amorphous and crystalline Fe(oxyhydr)oxides, siderite, Fe monosulfides, and pyrite. Under anoxic conditions, an enhanced input of Fe HR can be decoupled from the typical detrital input, leading to ratios that exceed the upper detrital limit recognized as 0.38 (Raiswell and Canfield, 1998) and Fe T /Al ratios beyond the detrital baseline of ϳ0.4 to 0.6 (Lyons and Severmann, 2006) . If dissolved sulfide is persistently available in the water column, syngenetic iron sulfide typically leads to Fe py /Fe HR ratios of greater than 0.8 (Canfield and others, 1996; Poulton and Canfield, 2011) . From these observations, the combination of Fe HR /Fe T Ͼ0.38, Fe T /Al Ͼ0.4 to 0.6, and Fe py /Fe HR Ͼ0.8 is commonly used to infer euxinic conditions, and this approach has proven utility throughout the geologic record (Poulton and Canfield, 2011) .
Though not yet observed in modern marine settings, indications of anoxia in the water column combined with Fe py /Fe HR ratios of Ͻ0.8 suggest that availability of water column sulfide is limiting pyrite formation, thus suggesting iron-rich or ferruginous conditions (Canfield and others, 2008; Poulton and Canfield, 2011) .
Molybdenum and manganese proxies.-Molybdenum is the most abundant transition metal in the modern ocean with a concentration of ϳ104 nM (Miller and others, 2011) ; however, due to its brackish salinity, concentrations in the Baltic Sea are closer to 20 nM (Neubert and others, 2008; Noordmann and others, 2015) . The primary Mo species under oxic conditions is molybdate (MoO 4 2Ϫ ), which has an affinity for adsorption to Mn and Fe oxides-the main pathway of Mo deposition to sediments in the modern ocean . However, under sulfide-rich conditions, MoO 4 2Ϫ is converted to particle reactive thiomolybdates (MoO 4-x S x 2Ϫ ) (Erickson and Helz, 2000) and reactive Mo-polysulfide species (Dahl and others, 2013) and is efficiently buried-frequently in association with organic matter (Algeo and Lyons, 2006) . In euxinic water columns with Ͼ100 M persistent total dissolved sulfide accumulation, high sedimentary Mo enrichments of Ͼ25 ppm and often Ͼ100 ppm point uniquely to stably euxinic conditions (Scott and Lyons, 2012) . Enrichments at the low end of this range can occur when connection to the open ocean is restricted, as in the modern Black Sea, and uptake and burial can be nearly quantitative (Erickson and Helz, 2000) . Comparatively low Mo concentrations (Ͻ25 ppm), but above average crustal values (ϳ2 ppm), typically reflect burial coupled to Mn/Fe oxides and are diagnostic of a non-euxinic water column (Scott and Lyons, 2012) . Furthermore, sediments underlying water columns with high and stable water column sulfide concentrations can record the Mo isotope composition of contemporaneous seawater, which today is ϳ2.4 permil, because these systems experience near-quantitative tetrathiomolybdate formation and consequent Mo uptake and burial (Siebert and others, 2003) . This relationship is observed in the modern Black Sea (Neubert and others, 2008) .
During conversion of MoO 4 Ϫ2 to tetrathiomolybdate, a large isotope fractionation can be seen among the transient intermediate species (Tossell, 2005) , which can be as high as Ϫ3.1 permil (Azrieli-Tal and others, 2014) . This effect can result in sedimentary Mo isotope data that are negatively fractionated beneath waters with unstable euxinia with total dissolved sulfide concentrations of Ͻ100 M (Neubert and others, 2008; Azrieli-Tal and others, 2014) . Diagnostic negative Mo isotope fractionations as large as Ϫ2.9 permil (Barling and others, 2001; Wasylenki and others, 2008) and Ϫ2.2 permil (Goldberg and others, 2009 ) are also associated with Mo adsorption to Mn and Fe oxides, respectively.
Sampling and Lithological Descriptions
Because details for the coring protocols and lithologic descriptions for IODP Expedition 347 are published elsewhere (Andrén and others, 2015) , we provide only a summary below (stratigraphic column in fig. 2 ). Relevant intervals for Holes C and E of site M0063, Landsort Deep, were cored using an advanced piston-coring device. The lithology at site M0063 was divided into seven units and multiple subunits. Unit I (Hole C 0 -25.9 mbsf) captures the brackish conditions of the Littorina Sea and the Baltic Sea since the most recent connection to the open ocean and is generally organic-rich and black in color. Laminations are present throughout Unit I in all intervals and are particularly prominent from 4.1 to 6.7 mbsf and 17.8 to 25.9 mbsf. Units II (Hole C 25.9 -34.24 mbsf) and III (Hole C 34.24 -41.5 mbsf) contain Ancylus Lake sediments and are defined by a dark gray color, Liesegang bands (which were avoided during sampling), and a series of basin slumping events. Unit IV (Hole C 41.5-48.62 mbsf) is interpreted, based on the presence of diatoms from 41 to 43 mbsf relative to their absence in surrounding sediments, as recording a weak brackish phase-most probably the Yoldia Sea. Similar to Units II and III, Unit IV is gray in color with black FeS bands. Units V and VI are similarly gray to brown in color, . M0063 down core profiles of (A) total organic carbon (TOC), (B) total inorganic sulfur (TIS), which is the sum of CRS and AVS, and (C) total organic carbon-to-inorganic sulfur (C/S) ratios. C/S ratios below 30 mbsf often exceed 25. The dashed lines separate the Baltic Ice Lake (BIL), Yoldia Sea (YS), Ancylus Lake (AL), and Baltic Sea, as inferred from the sedimentological descriptions in the M0063 summary (Andrén and others, 2015) . Sediment depth is displayed as meters below sea floor (mbsf). Stratigraphic column is adapted from Andrén and others, (2015) , and stresses the laminations and color changes described in the Samples and Lithologic Descriptions section of this manuscript.
but in this case show a distinct pattern of fining-upward rhythmic couplets interpreted to reflect a transition from ice-distal to ice-proximal glacio-lacustrine settings likely within the Baltic Ice Lake and marked by possible slumping events. Unit consists of angular, poorly sorted, pebble-sized clasts in a sandy diamicton resulting from deposition as debris flows or subglacial till (Andrén and others, 2015) .
methods
Samples from Hole E were collected and sealed in N 2 -flushed bags onboard the ship immediately following collection and stored frozen prior to analysis. Cores from Hole C were capped and sealed immediately following retrieval and stored at 4°C prior to sample collection, which occurred 4 to 5 months later at MARUM in Bremen, Germany. At Bremen, samples were collected within a few hours of core splitting and immediately sealed in N 2 flushed bags and stored frozen prior to analyses, minimizing oxidation of redox sensitive Fe minerals important for this study. Sediment analyses took place at the University of California-Riverside and Yale University. Fresh material was used exclusively for each analysis described below; sediments showing signs of oxidation (graying or browning from the formerly black color of iron monosulfides) were scraped away.
We used classic methods for extraction of iron monosulfide or acid volatile sulfide (AVS) (Berner and others, 1979; Chanton and Martens, 1985; Morse and Cornwell, 1987; Lyons, 1997; Hurtgen and others, 1999) and chromium reducible sulfur (CRS) (Canfield and others, 1986) , in each case using a split of freshly thawed sample. Concentrations of both CRS and AVS were measured via the methylene blue method using a spectrophotometer at wavelength of 660 nm (Cline, 1969) . Assuming negligible concentrations of [S 0 ], pyritic sulfur was determined by subtracting the AVS from CRS. In a few samples, likely due to heterogeneities and incomplete mixing, AVS concentrations slightly exceed those determined for CRS from the same sample. In such cases, pyritic sulfur was recorded as zero, though we acknowledge that this is unlikely to be the case. Iron present as AVS and CRS was calculated from the measured S concentrations using the stoichiometries FeS and FeS 2 , respectively. These calculated Fe contents are represented throughout the text as Fe AVS and Fe py .
To further characterize the Fe pools present, a modified chemical extraction method was used: MgCl 2 , ascorbate (Fe asc ), dithionite (Fe dith ), oxalate (Fe ox ) and Na-acetate (Fe NaAc ) representing sorbed Fe, labile Fe oxides, crystalline Fe oxides, magnetite, and Fe carbonates, respectively (Ferdelman, ms, 1988; Kostka and Luther, 1994; Raiswell and others, 1994; Poulton and Canfield, 2005; Raiswell and others, 2010) . In each case, the chemical reagents were deoxygenated with N 2 for Ͼ15 minutes prior to addition to the sample, and the headspace of each centrifuge tube was replaced with N 2 prior to shaking. Only fresh and wet-not dried powdered sediment (Raiswell and others, 1994; Raiswell and others, 2010 )-was used, and sample exposure time to the atmosphere was limited to minutes during initial weighing and subsequent reagent additions. Powdering sediment samples has been shown previously to increase the Fe dith extractable fraction explicitly, likely due to the increase in surface area (Raiswell and others, 1994) . For our purposes, this step would artificially inflate the Fe dith fraction and likely other oxide fractions relative to that naturally available for reaction with dissolved sulfide to form iron sulfides. Subsamples for individual analyses were carefully homogenized, but the bulk sample was kept heterogeneous in order to avoid mixing of oxidized and un-oxidized portions of the sample.
Details for the sequential Fe chemical extraction scheme follow: (1) ascorbate at pH 7.5 for 24 hours, (2) dithionite at pH 4.8 for 2 hours, and (3) oxalate at pH of 3.2 for 6 hours. Furthermore, a fresh sediment sample was used for two separate extractions: (1) MgCl 2 at pH 7.05 for 24 hours and (2) Na-acetate extraction at pH 4.5 for 24 hours (Poulton and Canfield, 2005) . All Fe extracts were quantified via an Agilent conditions in the Landsort Deep, Baltic Sea 7500c quadrupole inductively coupled plasma-mass spectrometer (ICP-MS) upon dilution with 0.24 M nitric acid. An initial survey of all samples collected onboard the ship from Hole E (thus minimizing the likelihood of oxidation) revealed that concentrations for MgCl 2 -extracted Fe were all below the detection limit; this step was omitted from subsequent extraction series. Separate sub-sample duplicates assessed for precision revealed relative whole analysis standard deviations in most cases Ͻ0.01 weight percent, but in a few cases Ͻ0.1 weight percent; we point out, however, that heterogeneities are expected, as bulk samples were not homogenized prior to taking a sub-sample for the sequential Fe-extraction procedure.
A separate aliquot of fresh, wet sample was removed at the same time as the split for the Fe sequential extraction scheme and dried at 60°C for the determination of water content. Iron concentration data are reported on dry sediment basis. Due to the low salinity, dry sediment weight was not salt corrected. This dried sediment split was then homogenized and used for measurements of each total carbon, total inorganic carbon (TIC), and a total acid digest for major and trace metal analyses. Total carbon was determined using an Eltra CS-500 carbon-sulfur analyzer. Total inorganic carbon determinations were made measuring CO 2 concentrations from carbon liberated during an addition of 2.5 N HCl to the sample. Total organic carbon (TOC) was determined by difference of the total carbon and total inorganic carbon. The geostandard AR4007 was analyzed routinely, with values within reported ranges and deviating by Ͻ5 percent.
A multi-acid digest procedure was used for determination of bulk sediment metal concentrations. Dried samples were ashed at 450 to 650°C and digested using trace metal grade HF:HNO 3 :HCl, with the metals solubilized at the end in 0.24 M HNO 3 acid. Total digests were measured for major elements (Al, Fe, Mn) and trace elements (Mo) via an Agilent 7500c quadrupole ICP-MS using a multi-element standard solution in a 0.24 M HNO 3 matrix. Total digest geostandards (NIST 2702, USGS SCO-1, and USGS SGR-1) were routinely compared for accuracy, with all elements analyzed deviating by Ͻ5 percent from the reported values. All values for Al, Fe, Mn, Mo, Fe asc , Fe dith , Fe ox , Fe NaAc , Fe AVS , Fe CRS , TOC, and TIC can be found in table 1.
Molybdenum isotope measurements were performed at the Metal Geochemistry Center at Yale University, New Haven, Connecticut. The resulting 0.24 M HNO 3 solution from total digest was evaporated and re-constituted in 7 M HCl. An aliquot of the acid split was doped with a Mo double spike according to the Mo concentration determined previously via ICP-MS in order to maintain a constant sample-to-spike ratio. This aliquot was also used for chromatographic separation. The 97 Mo-100 Mo double spike solution was prepared gravimetrically from Oak Ridge Laboratory metal powders as previously described (Asael and others, 2013) . A two-stage column procedure was applied for Mo purification: the sample was run through an anion resin (AG-MP-1M) to separate Mo and Fe from the matrix followed by purification through a cation resin (AG50W-X8) to separate Mo from any remaining Fe. Molybdenum isotope compositions are reported using the ␦ notation, where: Mo͒ NIST *0.99975 Ϫ 1͔.
(1)
Mo is calculated relative to NIST 3134 (Lot 130418) with a value of Ϫ0.25 permil (Nägler and others, 2014) . A calibration of the NIST standard relative to Rochester (Lot 862309E) gave:
For each sample, the target Mo concentration was 200 ppb during MC-ICP-MS analysis. For nearly all samples, the 1 was Ͻ0.05 permil. Duplicates (n ϭ 5) of reference 
Carbon and Sulfur
Starting near ϳ26.75 mbsf, TOC concentrations increase up section from Ͻ0.5 weight percent to Ͼ2 weight percent ( fig. 2A ). This switch in TOC occurs in concert with an increase in diatom abundance inferred to record the transition from the Ancylus Lake into the Littorina Sea (Andrén and others, 2015) . There are two peaks in TOC above ϳ26.75 mbsf that indicate two sapropels at ϳ19.5 to 26.75 mbsf and ϳ4.3 to 7.3 mbsf, with maxima between 7 to 8 weight percent. Peaks in TIC abundance also occur within these sapropels. A similar trend to that of TOC is observed for total inorganic sulfur (TIS), which represents the sum of sulfur from the AVS and CRS extractions ( fig. 2B ). C/S ratios were calculated using the ratio of TOC to TIS ( fig. 2C ).
Iron and Manganese
As products of glacial runoff in an oxic setting, Fe T /Al and Fe HR /Fe T from the Baltic glacial lake clays below 26.75 mbsf provide an integrated detrital sediment record for the catchment area (Goldschmidt, 1933) (fig. 3A) . Though Baltic detrial Fe T /Al values have previously been reported as 0.6 to 0.65 (Fehr and others, 2008) , to be conservative we will interpret anoxia from Fe T /Al ratios above the highest value from the ice lake sediments, which is 0.75 (vertical dashed line fig. 3A ). Importantly, a baseline of 0.65 is consistent with most of our samples and if applied would have little impact on our final interpretations. For Fe HR /Fe T ratios (Fe HR defined here as the sum of Fe AVS , Fe CRS , Fe ox , Fe NaAc , Fe asc , and Fe dith ), we identify the presence of past water column anoxia using a threshold value of 0.38 as previously determined (Raiswell and Canfield, 1998 ) and commonly applied in the literature (Poulton and Canfield, 2011) -and consistent with the Landsort Deep lacustrine sediments below 26.75 mbsf.
Starting near the lacustrine-brackish boundary at ϳ26.75 mbsf and moving up section, there is a distinct increase in Fe T /Al and Fe HR /Fe T ratios above the detrital background, with large peaks in close association with the sapropel units and some outside of sapropel deposition, and in association with peaks in Mo concentration ( fig.  3; fig. 4 ; figs. 5A and 5B). The Fe T /Al values approach 1 in the lower sapropel and 1.4 in the upper sapropel, both of which are well above the detrital baseline. Between 7.4 to 3.4 mbsf, there are cases where Fe HR exceeds Fe T , in which case Fe HR /Fe T is plotted as 1. This artifact may reflect sample heterogeneity, as sample splits for individual analyses come from unhomogenized bulk samples.
For intervals with elevated Fe HR /Fe T and Fe T /Al, we use (Fe py ϩ Fe AVS )/Fe HR values of Ͼ0.6 as the threshold for delineating past euxinia. Supporting this choice, a crossplot of (Fe py ϩ Fe AVS )/Fe HR versus Mo (not shown) indicates that Mo concentrations Ͼ25 ppm, which are typical of euxinic deposition (Scott and Lyons, 2012) , are nearly exclusively associated with (Fe py ϩ Fe AVS )/Fe HR values Ͼ0.6. Alternatively, Mo concentrations Ͼ10 ppm could indicate short-lived/intermittent or weakly euxinic episodes, which may be supported by coupled increases in Mo Ͼ10 ppm in association with elevated Fe HR /Fe T and Fe T /Al, which are noted in figure 3D . However, our approach of a euxinic/ferruginous (Fe py ϩ Fe AVS )/Fe HR threshold of ϳ0.6 is conservative in that it minimizes the likelihood of false ferruginous interpretations. We also note that the Fe asc and Fe dith data from the samples collected onshore indicate that some post-drilling oxidation of Fe-sulfides has occurred, and thus Fe asc and Fe dith are fig. 3C ).
In the brackish sediments, Mn enrichments also mirror the sapropels, with values of up to 15 weight percent in the upper sapropel and near 7 weight percent in the lower sapropel ( fig. 5C ). These concentrations are four orders of magnitude higher than the estimated global crustal average of 0.085 weight percent (Turekian and Wedepohl, 1961) and up to five orders of magnitude above those observed for the underlying Baltic lacustrine sediments. This comparison indicates that the Baltic Mn enrichments are not a result of detrital input but instead reflect intensive Mn redox cycling persistent throughout brackish deposition. fig. 3D, fig. 4, fig. 5B ). For Mo isotopes, we performed 123 individual measurements for 52 samples. Our results show that, although sedimentary Mo is in general a mixture of detrital and authigenic sources, the Mo in the lacustrine interval is mainly of detrital origin as indicated by the Mo concentrations of Ͻ1 ppm, which are typical of average continental crust. Therefore, no Mo isotope measurements were performed for the lacustrine sediments. The ␦
98
Mo have a total range of Ϫ0.5 to ϩ1.11 permil ( fig. 5D ). From ϳ20 to 26 mbsf, overlapping with the lower sapropel, ␦
98 Mo values are variable within a distinct range of ϩ0.10 to ϩ0.62 permil relative to the remainder of the profile. Starting at 20 mbsf, there is an upward shift to more negative values, with a range of Ϫ0.50 to ϩ0.29 permil and one outlier of 1.11 permil at 4.62 mbsf. From ϳ4.8 to 8 mbsf, overlapping with the upper sapropel, ␦
Mo values show a distinctly negative range of Ϫ0.50 to Ϫ0.11 permil.
Pore Waters
Interstitial waters were analyzed as part of the IODP Expedition 347 and are described in detail in the expedition report (Andrén and others, 2015) . We use these interstitial water data to complement our corresponding sedimentary data and for the calculation of saturation indices, particularly for rhodochrosite. Briefly, pore water Mn concentrations increase moving upward in the profile to a peak value of ϳ1.5 mM ( fig.  6B ). Pore water alkalinity shows a broad peak in association with the brackish sediments, with a peak value of ϳ58 meq/L at ϳ14.5 mbsf ( fig. 6B ). (Algeo and Lyons, 2006; Jilbert and Slomp, 2013; Jilbert and others, 2015) . The line for the Bothnian Sea refers specifically to the Holocene Thermal Maximum or HTM (Jilbert and others, 2015) . Sapropel intervals correspond to that of figure 2. M0063 (Andrén and others, 2015) . Dashed line represents the lacustrine-brackish boundary, as depicted in figure 2 and described in the text. (C) Saturation indices for rhodochrosite calculated using PHREEQC (Parkhurst and Appelo, 1999 ) and using pore water data from Hole C at site M0063 (Andrén and others, 2015) .
discussion
Salinity Variations
The diatom and sedimentological records from Landsort Deep, as described in detail in the IODP report for Site M0063 of Expedition 347 (Andrén and others, 2015) , indicate a fresh-to-weakly brackish transition at 43 mbsf (Baltic Ice Lake-to-Yoldia Sea), a switch from brackish to fresh conditions at 41 mbsf (Yoldia Sea-to-Ancylus Lake), and a fresh-to-brackish shift near 26.75 mbsf (Ancylus Lake to Littorina Sea). Ratios of total organic carbon to total inorganic sulfur (C/S) can provide an independent indicator of salinity transitions because sulfate is typically the main factor limiting pyrite formation in freshwater lacustrine settings (Berner and Raiswell, 1983) . This assumption holds true only for sediments with TOC values of Ͼ1 weight percent. At lower TOC values, organic matter may be the limiting factor, thus complicating the distinction between marine and non-marine deposition (Berner and Raiswell, 1983) . Our results show a switch to TOC values of Ͼ1 weight percent at ϳ26.75 mbsf; below this concentration detailed fluctuations in C/S cannot be used to track salinity fluctuations ( fig. 2) . A general change from C/S ratios of Ͼ10 to values Ͻ5 at ϳ26.75 mbsf, however, is consistent with sedimentological and paleontological evidence for a switch from lacustrine to brackish deposition-marking a transition to a high TOC sapropel. In general, C/S ratios for sediments above 26.75 mbsf are Ͻ5 and specifically near the 2.8Ϯ0.8 value typical for normal (oxic) marine deposition (Berner, 1982) . The shift in C/S is interpreted to capture the transition from the Ancylus Lake to Littorina Sea, occurring at ϳ8.5 kyrs B.P. (Andrén and others, 2011) . The Yoldia Sea record of brackish deposition (Ͻ350 years) at ϳ 41 to 43 mbsf, as inferred from brackish diatom abundance (Andrén and others, 2015) , is not seen in our C-S geochemical proxyreflecting poor sample resolution (n ϭ 2) and/or limiting sulfate and organic matter.
Anoxic Indicators
In this discussion and those that follow, we explore the use of geochemical proxies as tracers of past oxygen-deficiency and, in that discussion, open the door to the possibility that multiple geochemical tracers might collectively speak more convincingly to temporal stability of such conditions and the related controlling factors.
Iron and molybdenum proxies.-The persistence of laminations indicates likely sustained water column anoxia throughout deposition of the Baltic brackish phase. Furthermore, Fe T /Al and Fe HR /Fe T ratios provide evidence for anoxic deposition for the two sapropels, as well as multiple, likely short-lived, redox oscillations outside of the sapropel deposition (figs. 3 and 5). Adding to this framework, (Fe py ϩ Fe AVS )/Fe HR and Mo concentrations suggest euxinia during sapropel deposition and multiple euxinic and potential ferruginous candidates in the surrounding brackish intervals (figs. 3 and 5). The combination of Fe HR /Fe T Ͼ0.38 and Mo concentrations approaching or exceeding 100 ppm constrains euxinia for the two sapropels as being the predominant condition and thus likely occurring beyond seasonal timescales (Raiswell and Canfield, 1998; Scott and Lyons, 2012) . Two distinct sapropels with inferred anoxic water column conditions have been recognized previously in the Landsort Deep past (Lepland and Stevens, 1998) , and past water column euxinia has more specifically been inferred for periods throughout the Holocene at other Baltic subbasins (Boesen and Postma, 1988; Sternbeck and Sohlenius, 1997; Sternbeck and others, 2000; Sohlenius and others, 2001; Fehr and others, 2008; Jilbert and Slomp, 2013; Lenz and others, 2015) . These intervals overlap roughly with the Holocene Thermal Maximum (HTM) from ϳ9-5 kyrs B.P. and the Medieval Climate Anomaly (MCA) from ca. 1.25 to 0.80 kyrs. B.P. (Zillén and others, 2008) . The presence of laminations in intervals lacking geochemical indications of anoxia likely reflect the persistence of local water column redox conditions not reducing enough to support dissolved iron or sulfide accumulation-but instead low oxygen or even anoxia that could not support benthic habitation (Dashtgard and MacEachern, 2016) . Alternatively, ferruginous conditions may have prevailed during these periods, which have been shown in the modern Peruvian oxygen minimum zone to not support enhanced 'highly reactive' iron deposition in the absence of a ferruginous-oxic transition (Scholz and others, 2014) .
Crossplots of Mo versus TOC can speak to the relative basin-wide extent of euxinic seafloor under different redox regimes in the Baltic by revealing the impact of the water column Mo reservoir size on local sedimentary Mo enrichments (Algeo and Lyons, 2006) . The relationship of Mo versus TOC in our samples from the two Landsort Deep sapropels are similar, and both data sets are consistent with those from other euxinic sub-basins of the Baltic Proper-past and present ( fig. 4) (Jilbert and Slomp, 2013) . Furthermore, our results from Landsort Deep show a Mo-TOC relationship similar to that seen in the intermittently restricted Saanich Inlet, and our high Mo concentrations and Mo-TOC are easily distinguished from those of more restricted modern euxinic basins ( fig. 4) (Algeo and Lyons, 2006) . During exposure to sulfide, dissolved water column molybdate is progressively converted to tetrathiomolybdate (Erickson and Helz, 2000) . Near-complete tetrathiomolybdate formation from molybdate occurs when water column total dissolved sulfide is stable at concentrations Ͼ100 M (Erickson and Helz, 2000) . Subsequent efficient scavenging under restricted conditions can draw down the water column Mo reservoir when renewal rates are low relative to burial. Such efficient Mo uptake can result in markedly low sedimentary Mo concentrations despite elevated TOC and independent indications for euxinia based on Fe geochemistry (Algeo and Lyons, 2006) . Figure 4 shows examples of modern basins with progressively more restricted conditions with respect to Mo: Baltic Sea, Saanich Inlet Ͻ Cariaco Basin Ͻ Framvaren Fjord Ͻ Black Sea (Algeo and Lyons, 2006; Jilbert and Slomp, 2013) . Intriguingly, a different Mo-TOC trend than that of the Holocene Baltic Proper is observed in the more northern Bothnian Sea ( fig. 4) specifically in association with the HTM (Jilbert and others, 2015) . During this time, Bothnian sediments contain Mo enrichments indicative of euxinia and a Mo-TOC relationship more similar to the modern Cariaco Basin. Considering that the Bothnian Sea is oxic today, local evidence for stable euxinia extended beyond the Baltic Proper suggests the likelihood of more expansive euxinia in the Baltic generally during the HTM relative to today. Ultimately, however, relatively high Mo/TOC ratios in the Landsort Deep and the Baltic Proper generally indicate a high rate of Mo supply compared to the burial sink throughout the Holocene regardless of relative changes in the extent of seafloor euxinia in the Baltic generally-consistent with strong seawater exchange and a relatively small fraction of seafloor characterized by euxinia ( Jilbert and Slomp, 2013; Jilbert and others, 2015) .
Interestingly, the intervals with clearly elevated Fe T /Al and Fe HR /Fe T ratios have (Fe py ϩ Fe AVS )/Fe HR and Mo concentration typical of euxinia but show a range of magnitudes in Fe T /Al, suggesting controls on Fe deposition in addition to the persistence of euxinic water column conditions. Multiple factors can influence primary differences in Fe T /Al and Fe HR /Fe T ratios among or within basins. Importantly, the observed Fe T /Al peaks of 1.4 and 0.95 within the two Landsort Deep sapropels ( fig. 4) are high compared to other modern euxinic basins (Lyons and Severmann, 2006) but are comparable to the modern Landsort Deep sediments with values as high as 1 (Noordmann and others, 2015) . The diagnostic Fe enrichments are largely controlled by the rate at which Fe is transported from source regions, such as oxygen-poor sediments and bottom waters that are reducing but not sulfidic, to regions such as the Landsort Deep that are euxinic (for example, Lyons and Severmann, 2006) . In these euxinic settings, the 'shuttled' Fe is captured in the water column through syngenetic pyrite formation. If we consider the small area of the Landsort deep relative to the surrounding potential source region, the large source-to-sink ratio is expected to favor high Fe T /Al and Fe HR /Fe T ratios in both sapropel intervals (Raiswell and Anderson, 2005; Lenz and others, 2015) . In this view, relative to conditions during deposition of the upper sapropel, the lower Fe T /Al ratios of the lower sapropel may reflect more widespread euxinic conditions in the Landsort Deep (providing a larger Fe sink relative to the source area) or an expansion of sulfidic pore fluids and water columns in the Baltic more generally (thus decreasing the Fe source area to Landsort Deep)-or both. This interpretation is supported by detailed analyses of Fe T /Al ratios along shelf-to-basin transects that capture past euxinic regimes at the nearby Gotland Deep. In this case, maximum Fe T /Al ratios do not correspond to the time of most expansive bottom water euxinia-but instead record the initial onset and expansion of euxinia (Lenz and others, 2015) . Together, the Fe T /Al and Mo-TOC relationship indicate that the extent of euxinia at Landsort Deep and likely the Baltic in general varied between deposition of the two sapropels, but the concentrations and timescales of water column sulfide accumulation euxinia consistently remained below distributions that would have significantly drawn down the Baltic Mo reservoir.
Stability of Reducing Conditions
Given that our Fe T /Al results suggest potential differences between the past euxinic episodes represented by the sapropels in Landsort Deep, we apply a combination of Mn concentration and Mo isotope data to evaluate the relative stabilities and magnitudes of water-column total dissolved sulfide concentrations as recorded in these two intervals.
Manganese concentrations.-Our measured bulk sedimentary Mn concentrations associated with sapropel deposition, up to 7 and 15 weight percent, are extreme in a global context but are comparable to observations in the modern Baltic; Mn concentrations in sediments from the modern Landsort and Gotland Deeps range up to 10 to 18 weight percent (Sternbeck and Sohlenius, 1997; Lepland and Stevens, 1998; Noordmann and others, 2015) and even as high as 25 weight percent (Lenz and others, 2014) . We suggest, as others have for Mn enrichments in modern Landsort Deep sediments (Scholz and others, 2013; Lenz and others, 2014) , that the extreme enrichments observed during brackish deposition generally, but for the euxinic sapropels in particular, fingerprint oscillations between oxic and anoxic conditions in a system that was dominantly euxinic (Lepland and Stevens, 1998) . As was argued in that past work, we attribute these oscillations to major Baltic inflow (MBIs) events characterized by oxygenated marine waters from the North Sea. As Mn concentrations are twice as high in the upper sapropel compared to lower, this interpretation would require relatively less stable redox conditions during upper sapropel deposition. MBIs are barotrophic events during which saline and oxygenated water from the North Sea enters the Baltic beneath the halocline (Mohrholz and others, 2015) . A record of MBIs over the last century indicates that the area of Baltic seafloor anoxia decreases during such events due to replacement of previously anoxic bottom waters with oxygenated North Sea water, but anoxia resumes soon afterward due to an associated strengthening of the halocline from the input of relatively higher salinity waters from the marine North Sea compared to the brackish Baltic Sea (Carstensen and others, 2014) .
Sedimentary Mn enrichments are linked to MBIs through oxidation of dissolved Mn 2ϩ within the anoxic Landsort Deep waters and associated deposition in the sediments as oxide mineral phases (Scholz and others, 2013; Lenz and others, 2014; Lenz and others, 2015) . During burial, the oxides are re-reduced and accumulate in pore waters as dissolved Mn 2ϩ or, in the presence of pore water sulfide or appreciable alkalinity, precipitate as sulfide or carbonate minerals such as hauerite or rhodochrosite (Berner, 1984; Sternbeck and Sohlenius, 1997; Lepland and Stevens, 1998) .
Indeed, a link is observed in our samples between total inorganic carbon (TIC) and Mn that falls along a slope similar to that for stoichiometric MnCO 3 ( fig. 6A ), suggesting the formation of Mn carbonate is a relevant Mn sink in our sediments. Importantly, however, our interpretation of MBI-associated redox oscillations from the enhanced Mn concentrations generally requires the delivery of Mn oxides to the sediments with subsequent conversion to Mn carbonate in anoxic pore waters rather than direct carbonate precipitation in the water column.
In order to establish that the source for Mn for carbonate precipitation originated from the pore waters rather than the water column, we calculated saturation indices for rhodochrosite using measured pore water Mn 2ϩ and alkalinity profiles from our IODP Expedition 347 sediments from M0063 collected in the Landsort Deep (Andrén and others, 2015) (figs. 6B and 6C). The pore waters host intensive dissolved Mn 2ϩ enrichments, up to 1.5 mM at the top of the profile ( fig. 6B ), providing evidence for dissolution of Mn oxides as a source of dissolved Mn 2ϩ to the pore fluids. Calculated using PHREEQC (Parkhurst and Appelo, 1999) and the MINTEQ databases, saturation indices indicate that rhodochrosite is supersaturated in pore waters spanning the brackish interval and extending into the lacustrine sediments ( fig. 6C ). These calculations favor the deposition, burial, dissolution, and diffusion of Mn that was originally associated with oxides but was subsequently reprecipitated in carbonate phases. A diagenetic origin for the Mn carbonate is generally supported by similar calculations from pore waters in modern Landsort Deep sediments (Lenz and others, 2014) and previous work that measured carbon isotope values for Mn carbonate from Landsort Deep (Suess, 1979) . These efforts revealed carbonate carbon isotope values as low as Ϫ13 permil, requiring a mix of seawater and organic matter remineralization as a carbonate source.
Lastly, we point out that the extreme enrichments in Mn, interpreted to represent redox oscillations, are most prominent in association with Fe and Mo indications of the most strongly reducing conditions ( fig. 6 ). This seemingly counterintuitive observation is partially linked to anoxic/euxinic conditions allowing for enhanced water column Mn accumulation. Given the requirement for redox oscillations for enhanced Mn burial, however, we suggest that the frequency/stamina of MBIs is also a major factor. It is well known from observations of the current anoxic period over the last century that, while the MBIs punctuate anoxia, they also provide the input of saline waters from the North Sea to the brackish Baltic. This seawater is essential for maintaining the halocline that facilitates anoxia through stronger vertical stratification (Carstensen and others, 2014) . In other words, these MBIs limit the maximum reducing potential by providing oxygen-rich North Sea waters and simultaneously sustain longer-term anoxia through the introduction of seawater to Baltic bottom waters. As a proof of concept, a prolonged period lacking MBIs from 1982-1993 was marked by a decrease in the strength of Baltic haloclines in individual sub-basins as well as a decrease in the area of low oxygen bottom waters throughout the Baltic Sea, including the Landsort Deep (Carstensen and others, 2014) . The frequency of these events also controls the delivery of Mn oxides to the sediments and simultaneously renews molybdate supplies to the water column, consistent with our Mo-TOC relationships suggesting an ample Mo supply to the basin. The role of MBIs as both instigators of short-term redox oscillations and as a requirement for sustained long-term anoxia again separates the Baltic from more stably reducing settings, suggesting that strongly stable euxinia throughout the Baltic is unlikely in the past-and in the future.
Mo isotopes.-Our Mo isotope results offer an independent constraint on redox stability, while also providing constraints on the concentrations of water column total dissolved sulfide during sapropel deposition. Our sedimentary Mo isotope data range from Ϫ0.50 to ϩ1.11 permil, which is highly fractionated from the ϩ2.24 to ϩ2.67 permil values of modern Baltic seawater and similar to the Ϫ0.24 to ϩ1.12 permil values seen in Landsort Deep sediments from the modern euxinic era (Neubert and others, 2008; Nägler and others, 2011; Noordmann and others, 2015) . Two known processes allow for such large negative ␦
98
Mo fractionations: euxinic conditions with water column total dissolved sulfide concentrations of Ͻ100 M or burial of Mo initially delivered to the sediments through adsorption to Mn and/or Fe oxides. In the case of the sapropels at Landsort Deep-where Mo concentrations and Fe speciation indicate euxinia and the associated highly enriched Mn concentrations indicate likely widespread Mn-oxide burial-both of these possibilities are likely. As such, it is difficult to distinguish between two processes with overlapping fractionation relationships. Regardless, extreme Mn redox cycling relative to other modern anoxic settings as well as low water column dissolved sulfide concentrations and residence times are both consistent with dynamic redox conditions, such as those characterizing the modern Landsort Deep. This combination is our preferred interpretation for both of the euxinic sapropels and modern Landsort Deep sediments.
First, if water column total dissolved sulfide is Ͻ100 M or only accumulates periodically, thus introducing kinetic challenges to quantitative tetrathiomolybdate formation (Erickson and Helz, 2000) , a ␦ 98 Mo fractionation during conversion of molybdate to thiomolybdates can be captured in the sediments and can approach extreme fractionations from seawater of up to Ϫ3.1 permil (Azrieli-Tal and others, 2014) . In contrast, when total dissolved sulfide concentrations are stable at levels Ͼ100 M, as in the modern deep Black Sea, quantitative conversion of molybdate to tetrathiomolybdate occurs (Neubert and others, 2008) . At the same time, nearquantitative water column Mo depletion is observed across the chemocline, with the net result that the ␦
Mo of the sediments matches the ambient seawater (Barling and others, 2001; Arnold and others, 2004; Neubert and others, 2008) . The ␦ 98 Mo range of both Landsort Deep euxinic sapropels, but particularly the upper sapropel, approach the most negative ␦
Mo value (Ϫ0.7‰) predicted from previous efforts modeling of dissolved Mo speciation and isotope fractionations under extreme sulfide limitation (Azrieli-Tal and others, 2014). As such, our data are generally in the range anticipated with water column sulfide limitation inhibiting quantitative tetrathiomolybdate formation ( fig. 6D ). This conclusion is consistent with observations from the modern Landsort Deep where total dissolved sulfide values are observed below the 100 M switchpoint that favors quantitative tetrathiomolybdate formation (Neubert and others, 2008; Nägler and others, 2011; Dellwig and others, 2012; Noordmann and others, 2015) . Ultimately, oxygenated MBIs limit the timescales and concentration of water column sulfide accumulation within while simultaneously increasing the supply of dissolved molybdate to the Landsort Deep. As a result, vertical water column profiles show relatively little dissolved Mo depletion across the euxinic chemocline and modern sedimentary Mo isotope data range from Ϫ0.24 to ϩ1.12 permil (Neubert and others, 2008; Nägler and others, 2011; Noordmann and others, 2015) . Building on the suggestion from Mo-TOC ratios that Mo reservoir drawdown is not a major factor in the Baltic, the observed low ␦
98 Mo values from all three Landsort Deep euxinic periods indicate that at no point in the past has the Landsort Deep been similar to more restricted modern euxinic basins where water column dissolved sulfide is stable at concentrations of hundreds of M or higher (Algeo and Lyons, 2006) .
Sorption of molybdate to Mn oxides provides an alternative, or in this case complementary, mechanism for transport of Mo to the sediments, especially considering the up to 15 weight percent Mn observed in the euxinic sapropels and the inferred oxidation of dissolved water column Mn during MBIs. There is an overlap in the ␦ 98 Mo fractionation during Mo sorption to Mn-oxides, Ϫ2.9 to Ϫ2.5 permil (Arnold and others, 2004; Wasylenki and others, 2008) , and that associated with incomplete conversion of molybdate to tetrathiomolybdate, which is potentially up to Ϫ3.1 permil (Azrieli-Tal and others, 2014) . Following burial and reductive dissolution of the Mn oxides during diagenesis, quantitative conversion of molybdate to tetrathiomolybdate in sulfidic pore waters could then capture the negative isotope signature from oxide adsorption. The adsorption of Mo to Fe oxides and delivery to the sediments is also a relevant sedimentary Mo source. Oxidation of water column dissolve Fe could occur during MBIs or other redox oscillations, and adsorption of Mo to Fe oxides exerts large Mo isotope fractionations, ranging from Ϫ0.83 to Ϫ2.19 permil relative to the seawater signature depending on the specific Fe oxide mineralogy involved (Goldberg and others, 2009) . Evidence that Fe and Mn oxide deposition is an important sedimentary Mo source even during euxinic sapropel deposition comes from similarities in ␦ 98 Mo data from the euxinic sapropels and those from intervals outside of the inferred euxinic layers (fig. 5 ). Molybdenum concentrations in the non-euxinic intervals are often greater than the 2 ppm crustal average but Ͻ25 ppm, indicating a likely oxide source for Mo transport to the sediments, which is subsequently sequestered upon reaction with pore water dissolved sulfide and organic carbon (Scott and Lyons, 2012) .
A clear trend in the ␦ 98 Mo toward more negative values is observed moving upward within the brackish portion of the profile ( fig. 5D ), with ␦ 98 Mo values shifting from a range of ϩ0.10 to ϩ0.62 permil within the lower sapropel to ϩ0.29 to Ϫ0.50 permil beginning directly above the lower sapropel (other than one outlier of ϩ1.11‰). The ␦ 98 Mo range in the upper sapropel, Ϫ0.50 to Ϫ0.07 permil (again, barring one outlier), is distinctly more negative than in the lower sapropel ( fig. 5D ). Using our Mn concentration and Mo isotope data in combination with the known Mo isotope fractionations associated with Mo burial through both reaction with water column sulfide and adsorption to oxides, we can estimate the potential role of Mo delivered with Mn oxides versus Mo isotope fractionations during exposure to low and variable water column total dissolved sulfide concentrations of Ͻ100 M. This exercise is not intended to quantify precisely the Mn versus euxinic sources of Mo but rather to demonstrate that their relative roles within the euxinic water columns during deposition of the two sapropels can be approximated. The following simple equation permits this mass balance approximation:
Here, ␦ 98 Mo eux represents the sedimentary Mo isotope value following fractionation from seawater associated with non-quantitative tetrathiomolybdate conversion under euxinic conditions with low total dissolved sulfide concentrations (Ͻ100 M), which, as mentioned, becomes progressively more negative relative to seawater with decreasing sulfide concentration and thus shorter residence time (Azrieli-Tal and others, 2014). The variable f Mn represents the contribution of sedimentary Mo from Mn oxide relative to euxinic deposition. For simplicity, we choose to represent the Mo isotope fractionations related to Mn oxides (⌬ 98 Mo sw-ox ) as the maximum fractionation for Mo sorption to these oxide phases-that is, Ϫ2.9 permil from a seawater value of ϩ2.4 permil. Maintaining a constant value for ⌬ 98 Mo sw-ox is appropriate despite the known dynamic seawater conditions through the Baltic Holocene, as Mo isotope fractionations during adsorption to Mn oxides change little with the range of temperatures and salinities we can expect in this region (Wasylenki and others, 2008) . Changes in the fraction of Fe versus Mn oxide Mo delivery to the sediments are also possible Wasylenki and others, 2008; Goldberg and others, 2009 Mo eux point to a decrease in the absolute concentration and residence time of dissolved sulfide in the water column during deposition of the upper relative to lower sapropel. Considering that both extreme Mn redox cycling and low dissolved sulfide concentrations and residence times are consistent with dynamic redox conditions, we suggest that both of these factors likely contributed to the more negative ␦ 98 Mo range observed in the upper euxinic sapropel compared to the lower. Ultimately, relatively more positive ␦ support more expansive and stable euxinia at Landsort Deep and likely the Baltic generally during the HTM relative to the MCA.
Modern and Past Anoxia Comparison
Given the framework from previous studies of Fe, Mn, and Mo from sediments capturing the current euxinic period at Landsort Deep, we can further compare all three main Holocene Baltic anoxic events in the context of their relative stability and extent of reducing conditions. Figure 5 presents Fe T /Al, Mn, Mo, and ␦ 98 Mo data from the upper 15 cm of Landsort Deep published by Noordman and others (2015) (upper red dots), which includes the transition to the current euxinic era not captured in our study. Overall, the data suggest that the modern euxinic era represents a distinct redox state relative to the past euxinic periods. Modern Mn concentrations are as high as 18.8 weight percent and generally in the range Ͼ8 weight percent, and ␦ 98 Mo ranges from Ϫ0.24 to ϩ1.12 permil but is generally Ͻ0.29 permil. Similar to our interpretation of the upper sapropel (MCA), the high Mn concentrations and distinctly more negative ␦
98
Mo suggest that the current euxinic period has lower sulfide concentrations and residence times in the water column compared to HTM, the earliest euxinic interval captured in our core. Our interpretations of relatively higher and more stable sulfide concentrations at Landsort Deep during the HTM than today may also extend to other portions of the Baltic. In the Bothnian Sea, sedimentary Mo enrichments from the HTM are consistent with euxinia, while the modern Bothnian Sea is oxic. (Jilbert and others, 2015) , supporting the conclusion that euxinic conditions were most expansive during the HTM. Ultimately, this comparison implies that despite a rapid expansion of anoxia in the modern Baltic relative to the anoxic periods of the past (Jilbert and Slomp, 2013) , the current anoxic period at Landsort Deep may not yet have reached its maximum reducing potential if past events are a reliable guide.
summary and conclusion
Following the most recent transition from lacustrine-to-brackish deposition, the lamination record at Landsort Deep indicates a generally anoxic water column persistently to the present, while the results of combined Fe, Mn, and Mo geochemistry provide evidence for multiple transitions between euxinic, ferruginous, and less reducing conditions. Euxinic deposition is clearly represented within two sapropel intervals with TOC contents of up to 8 weight percent. Highly enriched Mn concentrations throughout most of the brackish profile, but within the sapropels in particular, indicate that oxygenated and saline massive Baltic inflows from the North Sea commonly disrupted anoxic deposition throughout the past, similar to what we observe today (Carstensen and others, 2014) . A comparison of Fe T /Al, Mn, Mo, and ␦
98
Mo data from both sapropels to sedimentary data from the current Landsort Deep (Neubert and others, 2008; Lenz and others, 2014; Noordmann and others, 2015) indicate that euxinic water column conditions during the Holocene Thermal Maximum was most stable and likely the most reducing over the course of the Holocene.
Though our results clearly demonstrate potential variations in the strength of reducing conditions at Landsort Deep specifically, our Mo data also indicate that past euxinia has never approached the high and stable sulfide concentrations observed in other modern euxinic basins, such as the Black Sea. As we see in the Baltic today, there is a stratigraphic overlap between the indications of the most reducing conditions, as recorded in Fe speciation and Mo concentration data, and signatures of redox oscillations expressed through Mn concentrations and Mo isotopes. This seemingly contradictory temporal relationship is likely a result of both more expansive anoxia in the Baltic generally during these periods but with major Baltic inflows (MBIs) of North Sea saline and oxygen-rich waters acting to provide punctuated and short-lived replacement of formerly anoxic bottom waters. MBIs simultaneously strengthen the halocline through input of marine North Sea water to brackish Baltic Sea bottom waters, providing the stratified water-column conditions necessary for maintenance of long-term Baltic anoxia. Though our records indicate variations in Baltic water column redox throughout the Holocene, the dual effect from MBIs of short-term oxidation of anoxic bottom waters and sustaining long-term anoxia implies that, as in the past, the future Baltic is unlikely to reach the reducing conditions observed in more restricted modern basins. As such, the unique expressions of Fe, Mn, and Mo geochemistry observed here and elsewhere in the Baltic Sea are characteristically different from more restricted modern euxinic basins and provide another euxinic example that can be extended to similar basins and redox controls through the geologic record.
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